Abstract: This paper presents a novel idea on a tension-based localization approach as a redundancy measure to handle the situation when the position reference (posref) signals are not available or significant GNSS drifts occur, such as sudden ionospheric disturbances, for thruster-assisted moored vessels. The only information needed is the tension measurements from tension cells. This method can improve the redundancy and safety of offshore operation, by detecting and verifying posref failure modes. It can even take over the posref function if one no longer trust the main posref measurements. Based on a residual signal, a fault detection and estimation approach is introduced and verified through simulations.
Introduction
Commercially available from the 1980s, thruster-assisted position mooring (TAPM) is an important offshore stationkeeping method for floating structures with an energyefficient feature. The main difference between a TAPM and a dynamic positioning (DP) is that, while a DP system uses the thrusters directly to control the position and heading, a TAPM system uses the thrusters only to assist the mooring lines in keeping the heading in a favorable direction with respect to the environmental loads, and adding surge/sway damping (Skjetne et al., 2014) . The position itself is allowed to move within an acceptable region. Innovative industrial tension units, such as the INTEGRIpod TM and the Inter-MPulse TM , are used to monitor and detect the line breakage through tension measurements (Gauthier et al., 2014) . Fault detection and isolation (FDI), and reconfiguration control (RC) are two main categories in fault-tolerant control (FTC) (Blanke et al., 2006) . Research on FTC schemes to TAPM systems is, for example, presented by Blanke (2011), Fang et al. (2015) , and Nguyen and Blanke (2015) .
The global navigation satellite system (GNSS) provides the Earth-fixed position information to surface-based motion systems. GPS, being the most widely used, has been a necessary part to navigation systems of modern marine systems in recent decades. The differential global positioning systems (DGPS) improves the positioning accuracy. However, the GPS signals may experience drifts during some extreme conditions, such as solar events and sudden ionospheric disturbances (SID). SID is a phenomenon with sudden increase of electron density in the ionosphere caused by solar flares, earthquake, storm, or tsunami. It results in a sudden decrease of the upper medium frequency and lower high frequency components in radiowaves (Afraimovich et al., 2000) . Normally, SID happens simultaneously with ionospheric storms. These phenomena can last for 1-3 days, even 10 days, significantly degrading the reliability of marine control systems (Tsugawa et al., 2011) .
A typical posref drift failure mode in a DP system is that all GPS measurements starts to drift due to SID (Zhao et al., 2012) . The hydroacoustic position reference (HPR) system does not drift, but due to the superior signal quality of the GPS signals over the HPR signals, the DP control system chooses to believe in the GPS signals and automatically disables the HPR measurement, thus making the situation worse with a resulting DP system drive-off.
Considering the long-term duration of TAPM stationkeeping operations, the probability of experiencing such drift events is high. Doherty et al. (2004) reported that three very large sunspot clusters happened in OctoberNovember 2003 which caused strong magnetic storms. A Large amount of satellites failed, jeopardising the safety of the operations. This paper proposes a localization algorithm based on the mooring line tension measurement. This provides extra detection capability of posref failure modes and a redundant position reference. Treated as a backup solution in abnormal conditions, this tension-based localization method can improve redundancy with only software updates. It is a companion paper to Ren et al. (2015) , which considers the problem of efficient linebreak detection in the case when tension sensors are not available in the TAPM system. Here we consider the converse case when tension sensors are available and can be used as redundancy to the posref systems.
Problem Formulation

Vessel model
A surface vessel is moored by M mooring lines and is equipped with thrust assist. All the cables are indexed with an integer i ∈ I where I = {1, 2, · · · , M } is an index set. Each cable is connected to the turret at a specific fairlead. The distance between the fairlead and the center of turret (COT) is r t . The turret can rotate about a vertical axis at the COT (see Fig. 1 ). The vessel is considered to keep its position in 3DOF, including surge, sway, and yaw. The environmental loads are wind, waves, and currents. In what follows, the vessel model described in Fossen (2011) is presented. The stationkeeping model is given bẏ
where η = [x y ψ] consists of the low frequency (LF) Earth-fixed position and heading orientation of the vessel relative to an Earth-fixed frame, ν = [u v r] represents the linear and rotational velocities decomposed in a vesselfixed reference, R(ψ) ∈ R 3×3 denotes the transformation matrix between the body-fixed frame and Earth-fixed frame(see Fig. 1 ), M ∈ R 3×3 is the generalized system inertia matrix including zero frequency added mass components, D ∈ R 3×3 denotes the linear damping matrix, b ∈ R 3 is a slow varying bias vector in the earth frame, τ c ∈ R 3 represents thruster induced forces vector, and τ m ∈ R 3 is the mooring load vector. See Fossen (2011) and Sørensen (2012) for details.
Mooring forces
The mooring system is modeled statically by catenary equations, disregarding the cable dynamics, the higher mode full-profile motion, nonlinear damping, and vibrations. For the LF model, a horizontal-plane spread mooring model is formulated as
where it is assumed that the mooring system is symmetrically arranged. Assuming fixed anchor line length, the damping effects of the mooring lines can be approximated by a linear damping model D mo ν. It is a common practice to estimate the linear damping of the mooring line by about 10 − 20% of critical damping of the entire system (Nguyen et al., 2011) . We have augmented the linear damping of the mooring system into the damping term Dν. The Earth-fixed restoring force g mo (η) ∈ R 3 is given by by the mooring restoring forces is disregarded, the mooring line configuration matrix is
Fig . 2 shows the configuration of a single mooring line. The 2D catenary equations (5a) and (5b) are used in this case to calculate H i and the vertical mooring force component V i (Aamo and Fossen, 2001 ).
(5b) where s is the path parameter along the cable, x i (s) and z i (s) are the positions of each segment centred at length s along the i th cable, L m is the unstretched suspended segment length of the mooring lines, ω m is the weight in water per unit length, E m is the Young's modulus of elasticity, A m stands for the cross-section area of the line, 
Control law
The corresponding PID controller for thrust assist is designed to keep the LF heading and position at desired values. The PID controller is given bẏ ξ =η, (6a) 3×3 are diagonal non-negative PID controller gain matrices (see Fossen (2011) for more details). The statesη andν are later replaced by the estimated stateŝ η m andν m from an observer.
Problem statement
Regardless of the environmental loads and thruster forces, the moored vessel becomes stable at the equilibrium point with only restoring forces from mooring lines. When each mooring line is equipped with a tension cell, the tension forces are measured. By this, we can estimate the relative position to the equilibrium point based on the tension measurements.
3 Design of the tension-based position reference system
We regard the moored vessel and all the anchors in the same horizontal plane. Assume all anchors are fixed anchor points and the vessel is a mobile unit in a sensor network. Then, we can estimate the position of the moored vessel through range-based localization techniques.
Mooring tension approximation
Regarding a specific catenary mooring line, the tension aroused from gravity performs as a restoring force to the moored vessel. Due to complexity of the catenary equations, the solution mainly calculate through the iterative approach. Therefore, a hypothetical mapping is given. The basic assumption for the algorithm is that the tension force at its upper end exists a mapping relation to the horizontal projected distance between the anchor and the upper end when z = 0, such that
where T 0 i and T i are the noiseless and noisy axial tension at the top end of the i th mooring line, f Xi is the mapping function, X i is the distance between the i th anchor and its fairlead, ∆T i,c and ∆T i,v are the tension variance due to current and heave motion. In this paper, it is assumed that ∆T i,c = 0. The nonzero current-introduced bias will be studied in future researches. Additionally, ∆T i,v and v i are supposed to be bounded zero-mean Gaussian white noise process. Based on the iteration results, f Xi is a strictly continuously monotonic function. Therefore, its inverse function f
−1
Xi (·) exists.
Influence of the fairleads
Normally, the influence from the fairleads cannot be disregarded. We first assume the friction between the turret and the vessel is not remarkable. The turret can rotate with the restoring force. Additionally, the magnitude of the turret radius is much smaller than the lengths of the mooring lines. The arrangement is represented in Fig. 3 . Since the angle ∆θ is a small angle, we assume the COT is located in the extension line to the corresponding anchor and the fairlead with a certain distance r t to the fairlead. Disregard the sea floor friction and the heave motion, such that z = 0, the mathematical expression is given by
where d i is the projected horizontal distance between the i th anchor and the COT. Obviously, d i herein contains noise. We employ a passive observer in section 3.4 to filter the noise.
Preliminary position estimation
A group of M parallel estimators are constructed. The i th estimator is based on the tension measurement T j , where j belongs to an index set
, i ∈ I, and N = M − 1. This group scheme is applied to isolate the tension sensor fault from the GPS fault. Specifically, it After knowing the distances between the COT and the anchor points, lateration can be utilized to locate the vessel. The triangular relation is given by d
where [x th equations and write the result in a vector form,
where
and
Using the Moore-Penrose pseudo-inverse, we get the leastsquares solution of the i th estimator, that iŝ
where W i is a positive weighted matrix (Fossen, 2011) . When all the signals are equally weighted, e.g. W i = I, (13) is simplified aŝ
The overall solution is the mean value of the solutions from all estimators, which is given bŷ
Observer design
We include a nonlinear passive observer (NPO) to filter the noise caused by the heave motion and measurement noise, eliminate the wave-induced motion, and estimate unmeasured states from position estimation. The passive observers is introduced in the late 1990s by Fossen and Strand (1999) . The main motivation was to overcome the difficulty of tuning numerous parameters in designing a Kalman filter. The NPO admits the realizatioṅ
where y m = [p ψ] ,ỹ m = y m −ŷ m is the estimate error between the measurement y and the estimationŷ.
, and K 4 ∈ R 3×3 are the observer gain matrices, respectively. The subscript m means that the signals are from tension measurements.
4 Case Study I. Localization from tension measurements
Overview
The simulations are conducted in Simulink with the MSS toolbox (MSS, 2010) . The mooring system dimension is listed in Table 1 . A ship-shape floating production storage and offloading (FPSO) is chosen as the research object. The detailed parameters are shown in Table 2 . Simulation I.1 : The first simulation aims to test if the tension-based localization approach is applicable. Assume that there is no noise in the tension measurements. Then, the NPO is not necessary in simulation I.1. For the sake of simplicity, it is assumed that the FPSO can move in the horizontal plane without any control limits. An additional assumption is that the turret does not have heave motion.
Simulation I.2 : There exists noise in the tension measurements during practical operations. Therefore, noisy signal is a crucial issue to be considered. Independent Gaussian white noises with various variances are added to the tension measurements. Keep all the other conditions the same as Simulation I.1. This simulation tests the influence of the variance of tension sensor noise.
Simulation I.3 : In addition to Simulation I.2, the moored FPSO starts to move in 6DOF, which means the heave motion influences the axial tensions. To verify the NPO, we herein apply strongly noisy tension measurements. Moreover, a GPS fault is triggered at t = 400s. It aims to test the isolability of the GPS fault.
Simulation results and discussion
4.2.1 Simulation I.1 From Fig. 4 , we observe the tension-based estimation is quite close to the real GPS signals. From this simulation, the tension-based localization algorithm is applicable to provide position reference information to a moored vessel without noise and heave motion.
Simulation I.2
The overall simulation results are shown in Fig. 5 , in which every point is the mean value of a group of results at 300 independent time instants. Mean square error (MSE) is employed as the criteria here to evaluate the localization performance, given by
(17) The smaller the criteria is, the better performance the estimator will have. The unit, dbm 2 , comes from 10log 10 (·). We notice that the variance of localization is proportional to the variance of the tension measurement in the logarithmic coordinate. Hence, the smaller the variance of the tension measurements, the more precise positioning it can reach. From Fig. 6 , we notice that the error of y m is bounded within a range. The estimation output from the NPO,ŷ m , has smaller errors. The errors between the tension-based position signals and the GPS signals are limited within 1.5m. Therefore, the NPO gives good estimates of the vessel's position based merely on tension measurements. Additionally, the histograms shows that the estimation errors are approximately Gaussian distributed. The mean values of the estimation errors in x and z are about zero in the fault free condition. But the mean values in the faulty mode depend on the magnitude of fault. Therefore, the GPS failure is isolable.
Simulation I.3
5 Case Study II. Fault Diagnosis and Control Accommodation
Overview
The faulty measurement can be expressed as where L f = [I2×2 0 2×1] , and y f (τ ) ∈ R 2 represents the GPS measurement faults in x and y direction, respectively. The fault is a bias that occurs in the period from t f s to t f t ,
In this simulation, all the GPS signals are influenced due to the radio-wave absorption in upper medium frequency and lower high frequency ranges. Assume there are no additional faults occurring at the same time with the sensor fault. The design requirement is that the TAPM system can reconfigure the control inputs after the fault happens and recover after the fault disappears.
The TAPM system is exposed to ITTC spectrum waves and constant-velocity currents. The detailed environmental parameters are tabulated in Table 3 . The GPS fault f = [10, 5] (m) is triggered at t f = 2000 seconds and ends at t f = 4000 seconds.
Fault-tolerant control scheme
There are two types of faults, the GPS fault and the tension sensor faults. It is necessary to decouple the sensor fault from the GPS fault. Hereafter, we assume that single failure happens at one time instant. Based on the iteration results, we assume the bounded bias of a tension cell is not remarkable when comparing with the tension variance caused by the GPS drift, which has been verified in the Simulation I.3.
In the fault-free situation, the tension-based localization is more noisy than the GPS signal. The system is in closedloop with the GPS signals and an open-loop tension-based localization algorithm. When the GPS failure happens, the tension-based localization approach can still relatively accurately estimate the position. But the GPS-based estimation no longer provides rational estimation. The scalar residual is the MSE of the GPS-based and the tensionbased estimation, which is given by
The estimated positions from the GPS and the tensionbased posrefs are sent as inputs to a fault diagnosis module, which will detect the fault if the residual of the k th estimator overpasses a specific accommodation upper threshold T u . Then the k th estimator set J k is activated. Define a new set K ⊆ I, which represents a set contains all the indexes k of the activated J k . When the GPS fails, all estimators are unable to provide good estimations. The intersection of all activated estimator sets is an empty set. At this time, an alarm is required. When a failure exists in a tension sensor, all the estimators set are activated except the i th . At this time, the intersection of all activated estimator set is {i}. Besides the above two conditions, a few tension cells may have poor measurements, caused by the biases in a few estimators. In such condition, the intersection of all the activated estimator set contains more than one member. Then, there is no alarm. Therefore, the isolation law is given by
GPS failure, {i}, i th tension sensor fault, others, no faults.
The controller can reconfigure to the GPS-fault mode based on the σ signal which is generated from the fault diagnosis module. It thereafter recovers based on the estimated states from the tension localization observer module. When the residual reduces to another specific lower threshold value T l , the controller recovers to the GPS signal. Normally, T l ≤ T u to avoid unnecessary switches. In this simulation, we set T u = 8(m) and T l = 4(m). 
Simulation results and discussion
The simulation results are shown in Fig. 8 . After the measurement fault on the GPS position happens, the controller quickly reconfigures the position information to tension-based localization estimates. The system is still stable. When the fault disappears at 4000 seconds, the controller recovers to the normal condition with the GPS measurements. The tension-based localization algorithm then has a more rapid oscillation than the GPS-based positions. However, the tension-based localization method provides reliable position signals after the fault happens, and the moored FPSO avoids a drive-off.
After the GPS fault happens, it takes four seconds to detect the faults. This delay is due to the integrator process in the observer, as well as the defensive logic in the diagnosis process. The reaction speed depends on the preset threshold values. Such delay also happens to the recovery process.
The simulation results prove the effectiveness of the proposed fault diagnosis strategy. The moored vessel remains in stable performance with only tension-based reference position.
Conclusion and Future Works
This paper deduced and verified a posref algorithm for TAPM systems depended on tension measurements. A fault-tolerant control scheme was illustrated based on this position algorithm. Future works includes range-based dynamic localization algorithm to handle parameter uncertainties, such as anchor positions, mooring line dynamics, sensor bias, and asynchronous signals. .
